The present study focuses on the transient stress concentration caused by a break in the fibres of a fibre-reinforced single layer. Shear-lag theory is applied for deriving the governing equations. Governing differential equations of system is partial and the explicit finite difference method is used for solving them. This paper is concerned on the transient load concentration factor in the adjacent intact fibres of a break. To validate this work, the steady state load concentration factor has been compared with the analytical static solution. A good agreement was observed in both approaches. The results show that closing the location of broken fibre to the edges, increases the value of stress concentration factor. Also, it can be seen that the transient load concentration has an adverse relationship with the spacing between the fibres and its value reduces by increasing this parameter.
Introduction
The development of composite material has attracted significant attention from the engineering and scientific communities. In unidirectional composite, the tensile load in the axial direction is mainly carried by the stiff fibres. Axial failure of a unidirectional composite is therefore expected to be controlled by fibre properties. In addition, when one or more of the fibres in a composite material is broken or a disruption is occurred in this material, the axial load which can be endured by the fibres before rupture is transferred by the matrix to the adjacent fibres of break after creating the rupture. It can cause stress concentrations in the adjacent fibres that is transient to some extent.
In the past, few studies have been done in the field of transient stress caused by fibre rupture. The first study in this field was done by Hedgepeth (1961) . He examined the static stress concentration factor at the crack tip by using the shear-lag model. He used Laplace transform to solve the equilibrium equations. Owing to the complexity of the problem, he just used three broken fibres. Goree and Gross (1980) examined normal and shear stresses in a unidirectional fibrous composite material containing an arbitrary number of broken fibres. To reduce the complexity of the governing partial differential equations, they used particular assumptions to simplify the equations. After solving the governing equations, stress concentration factor for the adjacent fibres of the broken fibres were obtained and the results were compared with a similar 2D problem which is based on shear-lag theory. Nedele and Wisnom (1994) studied the stress concentration factor around a broken fibre in a unidirectional carbon/epoxy composite. The axisymmetric analysis showed that stress concentration factor is dependent to the boundary conditions as well as the behaviour of matrix and for all cases, the values of this factor in the adjacent fibres is less than the predicted values by Hedgepeth (1961) . Balacó de Morais (2001) developed a model to predict the shear stress distribution along the broken fibre in a unidirectional fibrous composite material. In this model, it is assumed that the matrix behaves as elastic-perfectly plastic and interlaminar shear strength is not greater than the ultimate shear stress of the matrix. The obtained results had a satisfactory agreement with three-dimensional finite element model results. Reza et al. (2015) investigated the dynamic stress concentration of a lamina using finite difference method and studied the effect of viscoelasticity of a polymer matrix on it. Souad et al. (2013) investigated the stress concentration factor in a fibre-reinforced composite material with ceramic matrix. Using finite element method, they calculated the stress concentration factor for crack growth in the ceramic matrix and fibre-matrix interface. Results showed that inclined crack at interface centre has no more effect on stress intensity factors compared the crack at interface edge.
On the contrary of previous studies that have examined the stress concentration as a static analysis, this paper focuses on the transient load concentration in a fibre-reinforced lamina that is cracked by an asymmetric break in its fibre. In this problem, the load concentration in the adjacent fibres of crack will have an overshot in the moment of break creation. This overshot in the carried load is transient and then decrease quickly. Explicit finite difference method is used for solving the partial differential equations of systems.
Model description and governing partial differential equations
The considered model in this study consists of a composite lamina with long fibres. The matrix of this lamina is epoxy. Owing to the large difference between elastic modulus of the fibre and the polymeric matrix in the fibre-reinforced plastic (FRP) materials, the shear-lag theory has been used to derive the exerted shear stress of matrix bays to the fibres. For simplifying of getting the governing relationships, the cross section of fibres are assumed to be square. As shown in Figure 1 (a), the broken fibre is started from sth fibre and total number of broken fibres is equal to r. In addition, the fibre and surrounding matrix elements have been shown in Figure 1 (b). The axial force in nth fibre bonded by two matrix bays can be obtained from
where u n and P n are displacement and load in nth fibre, respectively, and E n A n is axial stiffness of fibre. Shear stress in the matrix bay can be written as
In equation (2), G is shear modulus of matrix. With the assumption that the lateral displacement of matrix is not as a function of x, equation (2) can be written as follows:
According to Figure 1 (b) and using equation (3), the finite difference form of this equation is as follows:
where d is the spacing between two adjacent fibres. In Figure 2 , the applied forces on the nth fibre and its adjacent matrix bays are shown. Using equations (1) and (4), and the force balance relationship for the nth fibre, the governing differential equations can be expressed as
where m is the mass per unit length of the fibre and h is the thickness of lamina. Since the shear stress at the free edge of the lamina is equal to zero, the force balance equation at the edges is different from the rest of the lamina. The following dimensionless parameters are used to making the differential equations of displacement as well as initial and boundary conditions in the non-dimensional form:
where P n and U n are dimensionless load and displacement in nth fibre, respectively. Also, ξ and τ are dimensionless position and time, respectively. Considering the mentioned conditions, the dimensionless equilibrium equation in the general form is expressed as 
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In these equations, N is the number of fibres contained in lamina; M and E are the identity matrix and L can be expressed as follows: 
Finite difference method
The governing second order partial differential equations consist of two independent variables, x (position) and t (time). The explicit finite difference method (Thomas, 1995) is used for solving the system of equations. The dimensionless position and time are discretised by equal steps size as follows:
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where ∆ξ is position step and ∆τ is time step. If the central difference approximation (Causon and Mingham, 2010 ) is used for the second derivative of the position and time in equation (7), then the following equation is obtained.
where , i j n U is the dimensionless displacement of nth fibre at ith position step and jth time step. According to equation (11), the values of the displacement in the previous position step at the same time step Beginning the process of solving requires two initial conditions and a boundary condition that is presented in the next section.
Initial and boundary conditions
The initial and boundary conditions are used to find quantities of fibres displacement in the first two time steps. The first step is before the breaking of fibres. In this step, all of fibres are intact and the applied tensile load to them is the same. Therefore, in this step (for j = 1) the first order forward finite difference form has been used. It can be written as a following:
Owing to the symmetry of the lamina, displacement of its centreline is considered to be zero before the breaking of fibres. If s are the number of divisions in the left-and right-hand side of break, respectively, and location of the coordinates origin is located on the break (i = 1), the following relations can be established:
The next time step is the moment of fibres breaking (j = 2). At this time, all of the fibres are at rest state and theirs velocity is equal to zero. If the backward finite difference form is used for desired point, then equation (15) can be expressed.
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Using equation (15), the displacement along the fibres at the second time step is obtained as follows:
By using the boundary condition, the value of 1, i j n U − will be evaluated at i = 1. The value of displacement for the intact fibres at all of time step will be achieved from equation (13) . Also, by writing the central finite difference form of load for broken fibres around i = 1, the following equation is obtained. 
Thus, by having equation (11) and the initial and boundary conditions, the displacements of fibres in all position at various times (from j = 3 to the next steps) can obtained. It is worth to mention that stress concentration factor is defined as the ratio of the load value in the intact fibre which is adjacent of broken fibre in the break location to its value far from the break. 
Results
According to the non-dimensional finite difference form of governing equations, transient stress concentration factor in the overlap region is independent of physical and mechanical properties of model. The total number of fibres in lamina was assumed to be 31 with an asymmetric break. In this study, 'over shot' implies the highest peak value of the stress concentration factor vs. dimensionless time. In addition, 'steady state' indicates the long term value of the stress concentration factor. Load concentration factor in a lamina for different number of broken fibre that obtained from equation (18), has been shown in Figure 3 . According to this figure, the load concentration factor had an overshot at first and reduced gradually after a while. As it appears in Figure 3 , the value of this overshot depends on the number of broken fibre and its value intensified by increasing the number of broken fibre. The amounts of overshot and steady state load concentration factor have been given in Table 1 for different broken fibre. To validate the initial postulations made in discretising the governing partial differential equations system, the steady state load concentration factor were compared with the analytical static solution. As can be seen in this table, a good agreement exists in both approaches. In Figure 4 , the effect of changing the break location in the perpendicular direction to the fibres alignment has been investigated. In this figure, one of the fibres has been broken and the rupture is in the middle of the plate. Closing the location of broken fibre to the edges, increases the value of stress concentration factor. In addition, the amount of change in the stress concentration factor which caused by changing the location of rupture in the edges is more significant than the moving it in the middle of lamina. In Table 2 , the overshot values have been presented for three positions which the distance ratio of rupture location from both sides is equal to 1, 1.5 and 3. To show the location of asymmetric break in the lamina, two length of L r and L l have been defined. L r implies distance of the break from right edge of lamina and L l implies distance of the break from left edge of it. According to this table, the distance ratio of rupture location from both sides has a direct effect on the peak load concentration factor. For example, as the distance ratio of rupture location from both sides increases from 1 to 3, the peak load concentration factor (overshot) increases from 1.55 to 1.81 in the case that one fibre has been broken. Table 2 Effect of break location on the overshot of load concentration factor for different broken fibre In this part, the transient load in the different fibres after creation of a rupture has been investigated. For these cases, a break has been assumed in the 13th fibre that exists in the middle of the plate. In Figure 5 , the transient load concentration in a lamina with 26 fibres is plotted for three different fibres. As can be seen, the peak of transient load concentration in the fibres which are close to the break, is greater compared with the other fibres and slight changes in the peak of transient load concentration can be observed for those fibres which are far from the break location.
Conclusion
This paper presents a numerical study to show the effect of break location on transient load concentration factor in a fibrous composite lamina under tensile load. The shear-lag model was used to obtain governing partial differential equations system. Explicit finite difference method was used to solve the problem. The results show that load (normal stress) concentration factor overshot to a peak value and then gradually reduces to its steady state value. According to the results, closing the location of broken fibre to the edges increases the value of stress concentration factor. Moreover, the findings show distance ratio of break location from both sides has a direct effect on the peak of load concentration factor.
